Transfer ribonucleic acid (tRNA) nucleotidyltransferase was studied after making cells permeable to macromolecules by treatment with toluene. The conditions of toluene treatment necessary for obtaining maximal activity were defined. Toluene treatment was most efficient when carried out for 5 min at 37 C at pH 9.0 on log-phase cells. No activity could be detected if cells were treated at 0 C, or in the presence of MgCl2, or if the cells were in the stationary phase of growth. However, inclusion of lysozyme and ethylenediaminetetraacetic acid during the toluene treatment did render stationary phase cells permeable. The properties of tRNA nucleotidyltransferase from toluene-treated cells were essentially identical to those of purified enzyme with regard to pH optimum, specificity for nucleoside triphosphates and tRNA, and apparent Km values for substrates. In addition to tRNA nucleotidyltransferase, a variety of other enzymes which incorporate adenosine 5'-triphosphate into acid-precipitable material could also be detected in toluene-treated cells. Centrifugation of cells treated with toluene revealed that tRNA nucleotidyltransferase leaked out of cells, whereas other activities remained associated with the cell pellets. Chromatography of the material extracted from toluene-treated cells on Sephadex G-100 indicated that toluene treatment selectively extracts lower molecular weight proteins. The usefulness of such a procedure as an initial step in purification of such enzymes, and its application to tRNA nucleotidyltransferase, is discussed.
Toluene treatment of bacterial cells has been used for many years to make enzymes within a cell accessible to exogenous substrates (6) . In recent years this procedure has received considerable attention since cells treated with toluene retain the ability to replicate deoxyribonucleic acid (DNA) semiconservatively (7) . Generally, toluene treatment has been used to make cells permeable to low molecular weight compounds, although it is known that deoxyribonuclease (DNase) (molecular weight = 31,000) can enter such cells (7) . In addition, in one recent report (8) it was shown that the presence of Triton X-100 will also make such cells permeable to large proteins.
The isolation of five Escherichia coli K-12 strains with low levels of transfer ribonucleic acid (tRNA) nucleotidyltransferase (EC 2.7.7.25) was described in an accompanying paper (4) . These strains were isolated by screening large numbers of colonies from a heavily mutagenized stock. For this purpose, a rapid assay was devised which involved assaying tRNA nucleotidyltransferase after making cells permeable to macromolecules by treatment with toluene. In this paper I examine the conditions of toluene treatment necessary for rendering tRNA nucleotidyltransferase accessible to its substrates and describe the catalytic properties of the enzyme released in this procedure. In addition, evidence will be presented that toluene treatment of E. coli can be used to leach lower molecular weight enzymes out of cells selectively, leading to a useful first purification step for such proteins.
MATERIALS AND METHODS Organisms and media. All the studies reported here were carried out with E. coli strain A19 (metBl, rnsI), which was obtained from J. Speyer (5) . In addition to low levels of ribonuclease I and a methionine requirement, this strain also has an unidentified trace growth requirement. Cells were grown in YT medium (8 g of tryptone, 5 g of yeast extract, and 5 g of NaCl per liter) at 37 C to an absorbancy at 550 nm DEUTSCHER Toluene treatment. Cells were centrifuged at 6,000 to 8,000 x g, and the drained pellets were suspended in one-fifth the original volume of 50 mM glycineNaOH buffer, pH 9.0. In some experiments the cells were first washed once with the glycine buffer, but this appeared to have no effect on tRNA nucleotidyltransferase activity. Toluene was added to a concentration of 1.5%, and the suspension was agitated on a Vortex mixer and incubated with occasional shaking at 37 C for 15 min. Details of individual experiments, where they differ from these procedures, will be presented in the legends. When toluene supernatant fractions were prepared, the treated cell suspension was centrifuged for 10 min at 15,000 x g, and the supernatant fluid was withdrawn with a Pasteur pipette.
Assay of tRNA nucleotidyltransferase. 200 Asg of yeast tRNA-C-C. Reaction mixtures were incubated for 15 min at 37 C and terminated by the addition of 3 ml of 10% trichloroacetic-0.02 M sodium pyrophosphate. After 10 min in ice the samples were filtered through Whatman GF/C filters, washed six times with 3 ml of 2.5% trichloroacetic acid-0.02 M sodium pyrophosphate, one time with ethanol: ether (1: 1), and dried under an infrared lamp, and acid-precipitable radioactivity was determined in a liquid scintillation counter. Again details of individual experiments will be described in legends.
The data in Table 1 show that nucleotide incorporation in this system was dependent on tRNA and was inhibited by pancreatic ribonuclease (RNase). The low incorporation in the absence of tRNA (about 20% of the complete system) was due to other activities, mainly polynucleotide phosphorylase and poly(A) polymerase (unpublished observation). Incorporation was also dependent on incubation at 37 C and on the presence of cells; heating the cells at 85 C for 5 (Fig. 1 ). These results demonstrate that toluene-treated cells can utilize ATP in a tRNAdependent, enzymatic reaction. Further evidence that this activity represents tRNA nucleotidyltransferase will be presented below. Chromatography on Sephadex G-100. Samples of 0.7 ml were placed on a Sephadex G-100 column (0.9 by 53 cm) and eluted with 50 mM glycine-NaOH, pH 9.0. Fractions of 1 ml were collected at a flow rate of 2.5 mI/h.
Location of incorporated nucleotides in RNA product. The location of incorporated adenosine 5'-monophosphate (AMP) residues was determined by alkaline hydrolysis of the product precipitated on glass fiber filters as described earlier (3) . The ratio of labeled adenosine to 2',3'-AMP, separated on small columns of Dowex-1, was used to determine the number of residues added per RNA chain.
RESULTS
Conditions of toluene treatment. Using the assay presented in Table 1 and Fig. 1 , the optimal conditions for toluene treatment were determined with regard to toluene concentration, temperature, and time of toluene treatment, and pH and concentration of the buffer. The results in Table 2 show that between 0.5 and 10% there was no effect of toluene concentration on the amount of activity that could be concentrated and treated with toluene as described for 10 min at 37 C. Treated cells were assayed for the indicated times at 37 C. (B) Cells were treated with toluene for 10 min at 37 C and the indicated amount was assayed for 10 min at 37 C. detected after 5 or 15 min of treatment. There was also no effect of toluene concentration at other temperatures or pH values. From the data in Table 2 it also appeared that less activity was present when the toluene treatment was carried out for the longer period of time.
To investigate this latter observation further, toluene treatment was performed for varying lengths of time. The results shown in Fig. 2 indicate that at pH 9.0 and 37 C optimal activity was obtained after 5 min of toluene treatment, and that further incubation led to a considerable decrease in activity. It seems that tRNA nucleotidyltransferase may be unstable under these conditions. Toluene treatment at 20 C was also effective for making cells permeable to macromolecules, but maximal activity was not attained until much longer periods of toluene treatment. In contrast, almost no activity was detectable after toluene treatment at 0 C. A similar effect of temperature was also observed at pH 8.5.
The effect of pH on the amount of activity made available after different times of toluene treatment is shown in Fig. 3 . tRNA nucleotidyltransferase activity was made accessible at pH 7.6 and 8.6, although at a somewhat slower rate than at pH 9.0. However, the decrease in activity seen at longer times of toluene treatment at pH 9.0 was not observed at the lower pH values. In contrast, toluene treatment at higher pH values, 9.5 and 10.5, led to a much more rapid decay of enzyme activity than at pH 9.0. At pH 10.5 the loss of activity was probably so rapid that only a small fraction of the activity trated fivefold, and suspended in 50 mM glycineNaOH buffer or Tris buffer (pH 7.5). Reaction mixtures were incubated with 1.5% toluene at 37 C, and portions of 200 lAliters were withdrawn at 5, 10, 20, and 30 min and assayed for 10 min at 37 C as described. tRNA was present at a concentration of 1 mg/ml during the toluene treatment at pH 9.5. The activity measured in the absence of tRNA during the assay at each pH has been subtracted from these values.
was detectable even at the shortest period of treatment, 5 min. The reason for the instability of tRNA nucleotidyltransferase at high pH values is not known, but the decay at pH 9.5 can be protected to some extent by the presence of tRNA during the toluene treatment. These data indicate that the optimal conditions for toluene treatment are in the range of pH 8.6 to 9.0, and that the activity becomes very sensitive to increasing pH values above this range.
The concentration of glycine buffer present during the toluene treatment had relatively little effect on the efficiency of the procedure when present in the range of 5 to 100 mM. There was at most a 30% increase in activity at 50 mM compared to 5 mM buffer. The presence of MgCI2 (2.5 to 10 mM) during the toluene treatment completely eliminated the tRNAdependent incorporating activity, but had no effect on incorporation in the absence of tRNA. These results suggest that toluene treatment in the presence of MgCl2 makes cells permeable to ATP, but not to macromolecules. These data would also explain why cells are not made permeable when toluene treatment is carried out at 0 C even though the cells are subsequently transferred to 37 C for assay, since MgCl2 is present in the assay mixture.
Effect of cell growth stage. In the experiments described above cells were made permeable by treatment with toluene when they were in the mid-log phase of growth. However, as the cells entered stationary phase less activity was detectable after treatment with toluene (Fig. 4) . This decrease in activity continued as the cells proceeded into stationary phase, such that toluene treatment of a 12-h culture led to only 10% as much activity as cells from late-log phase. The lowered tRNA nucleotidyltransferase activity was not due to a decrease in this enzyme in vivo in stationary phase cells since there was no diminution of activity if the cells were sonically treated.
Other methods for opening late stationary phase cells were also examined (Table 3) . The most effective procedure of those tested was treatment with ethylenediaminetetraacetic acid (EDTA), lysozyme, and toluene which made essentially all the activity available for assay. Other procedures, such as incubation with toluene alone, toluene with EDTA or Triton X-100, or Brij, were ineffective. These data contrast with studies of replicative DNA synthesis in stationary phase cells which is stimulated by the presence of Triton X-100 during toluene treatment (8) . However, these two studies are not exactly comparable since assay of tRNA indicating that neither activity was due to RNA polymerase. However, the addition of the other three nucleoside triphosphates led to a stimulation of incorporation of ATP both in the presence or absence of tRNA. This stimulation was completely suppressed by streptolydigan. Thus, RNA polymerase could also be detected under these conditions, as reported earlier (9) .
That the incorporation of ATP in the presence of tRNA was actually due to tRNA nucleotidyltransferase was shown by the specificity for nucleoside triphosphates and tRNA, and by analysis of the products. With tRNA-C-C as substrate, a stimulation of nucleotide incorporation was only found with ATP as the substrate (Table 5) . Essentially no additional incorporation in the presence of tRNA-C-C was observed with cytidine 5'-triphosphate (CTP) or uridine 5'-triphosphate (UTP). ATP incorporation in toluene-treated cells was stimulated mainly by tRNA-C-C (Table 6 ). Other tRNAs, such as tRNA-C-C-A and tRNA-N, were totally inactive; the small stimulation by tRNA-C was probably due to the slow rate of synthesis of tRNA-C-A (2). Alkaline hydrolysis and terminal residue analysis (see Materials and Methods) of the products formed during AMP incorporation by toluene-treated cells indicated that in the absence of tRNA the product was poly(A), whereas essentially all the additional incorporation in the presence of tRNA was due to terminal addition of a single AMP residue ( Table 7) . The small inhibition (10%) of counts in 2', 3'-AMP was a consistent observation and explains why some of the tRNA nucleotidyltransferase mutants described in the accompanying paper (4) gave lower incorporation in the presence of tRNA than in its absence. These data prove that in the presence of tRNA the activity measured after toluene treatment of cells is primarily tRNA nucleotidyltransferase.
The tRNA nucleotidyltransferase activity had a pH optimum for AMP incorporation of 9.0 to 9.5. The apparent Km for ATP in the reaction was about 0.4 mM and that for tRNA-C-C was about 8 ,uM (data not shown). All these values are very similar to those observed with purified E. coli tRNA nucleotidyltransferase (1), supporting the conclusion that, in fact, this activity was being measured. Further support came tRNA-C 0.66 tRNA-N 0.38 a Cells were grown to an A550 of 1.02, treated with toluene as described, and assayed for 15 min at 37 C in the presence of 200 ,ug of the indicated E. coli tRNA. Substrates were prepared as described earlier (2). from the observation that cytidine 5'-monophosphate (CMP) incorporation took place in the presence of tRNA-C to give tRNA-C-C. However, the properties of this latter reaction were not studied extensively.
Release of proteins from toluene-treated cells. Under the conditions of toluene treatment used in these experiments (5 to 15 min at 37 C), a considerable amount of tRNA nucleotidyltransferase activity leaked out of cells. This was shown by centrifugation of the toluenetreated cells and assay of the supernatant and pellet fractions (Table 8 ). In contrast, none of the tRNA-independent activity was released since all the activity in the toluene supernatant was dependent on tRNA. In addition, inhibitors of the tRNA-dependent and independent reactions also appeared to be removed because the activities remaining with the pellet, or in the pellet plus supernatant, were higher than observed initially. The presence of the inhibitor was also shown by a decrease in activity upon remixing the pellet and supernatant fractions.
The activity in the toluene supernatant fraction, under usual assay conditions, was shown to be almost exclusively tRNA nucleotidyltransferase since 93% of the incorporated AMP residues were added to tRNA in the terminal position. However, at pH values above 10, and at high ATP concentrations, it was possible to detect another AMP-incorporating activity which required an RNA primer and synthesized poly(A) (unpublished observation). The identity of this activity is not known. The tRNAindependent activity remaining in the toluene pellets also synthesized poly(A).
All the tRNA nucleotidyltransferase in cells, as determined by sonic disruption, could be released by three sequential toluene extractions without concomitant release of the tRNAindependent activity. The activity remaining with the final toluene pellet was not stimulated by tRNA. These data suggested that toluene treatment of E. coli cells might be a useful procedure as a first purification step for lower molecular weight proteins. To test this possibility, the proteins released by toluene treatment were compared to those in a sonically-disrupted cell extract with respect to molecular weight as determined on Sephadex G-100 (Fig. 5) . In addition, the tRNA nucleotidyltransferase and the tRNA-independent activity were also determined in the various column fractions. The bulk of the A280 material in a sonically treated extract was eluted near the void volume of the column, as did all the tRNA-independent activity (Fig. 5A) . In the presence of tRNA there was an additional component of activity with a maximum at tube 16. In contrast to these results, essentially all the A280 in the toluene supernatant fraction was eluted at a position corresponding to an average molecular weight of about 50,000 (Fig. 5B) . No activity was observed in the absence of tRNA, and the maximal tRNA nucleotidyltransferase activity was eluted at tube 16. These results suggest that toluene extraction might prove very useful as an initial purification step for many E. coli proteins.
DISCUSSION
Toluefle treatment of cells has been used for many years to render cells permeable to low molecular weight substrates for assay of a variety of enzymes. The data presented here indicate that this procedure can also be used for an enzyme with a macromolecular substrate. We have used this information to devise a rapid assay method for screening mutants in the enzyme tRNA nucleotidyltransferase (4). The assay procedure developed allows determination of tRNA nucleotidyltransferase with little interference from other AMP-incorporating activities. The properties of tRNA nucleotidyltransferase from toluene-treated cells were essentially identical to those reported for highly purified enzyme. Although the data reported here were all obtained with E. coli strain A19, the procedure has worked well with a variety of other strains.
In addition to tRNA nucleotidyltransferase, a variety of other AMP-incorporating activities have been detected in toluene-treated cells. These include RNA polymerase, which was stimulated by the addition of the other nucleoside triphosphates and inhibited by streptolydigan, and several activities which synthesized poly(A). The latter enzymes include a poly(A) polymerase which was active in the absence of FIG. 5. Comparison of protein and AMP-incorporating activities released by sonication and extraction with toluene. Cells were grown to an As5o of 1.0 and concentrated 50-fold in 0.05 M glycine-NaOH, buffer, pH 9.0. (A) One portion was sonically treated for a total of 2 min (30 s on, 30 s off), centrifuged, and 0.7 ml was chromatographed on a column of Sephadex G-100 as described. Column fractions were assayed for protein by absorbance at 280 nm, and for AMP incorporation in the presence or absence of tRNA for 5 min at 37 C. (B) A second portion was treated with 1.5% toluene for 15 min at 37 C and centrifuged, and 0.7 ml was chromatographed, and assayed as in A. The column was calibrated with alkaline phosphatase (molecular weight = 80,000) and ovalbumin (molecular weight = 45,000).
added Mg"+ and stimulated by KCI, and polynucleotide phosphorylase which was stimulated by addition of myokinase and AMP. The latter two activities remained associated with the toluene pellets after extraction. In addition, another activity which was active at very high pH values and required an RNA primer was found in the toluene supernatant fraction. This activity may be the polynucleotide pyrophosphorylase recently reported (10). Thus, toluenetreated cells may be used to identify and distinguish a variety of different AMP-incorporating enzymes in E. coli.
The mechanism whereby toluene treatment of cells renders them permeable to macromolecules is unclear. There are differences between the requirements of this process and that making cells permeable to small molecules. As judged by the ability of ATP to enter cells, toluene treatment at 0 C or in the presence of MgCl2 were effective procedures, whereas no tRNA nucleotidyltransferase activity could be detected after cells had been treated under these conditions. Thus, procedures which allow ATP to enter cells may be ineffective for macromolecules. Toluene treatment of stationary phase cells is also ineffective for allowing entry of both small and large molecules, indicating considerable change in the cell envelope of old cells. Further study is required to determine whether toluene acts by extracting lipids, activating lytic enzymes or other, as yet unknown, mechanisms.
Nevertheless, toluene treatment of cells under the conditions described here seems particularly useful as an initial step in enzyme purification of smaller enzymes, since these proteins appear to leak out of cells selectively. In preliminary experiments we have applied this procedure to purification of tRNA nucleotidyltransferase. Initial extracts obtained by this method contain enzyme with a specific activity about 20-fold higher than that found in cell extracts prepared by other procedures.
